The kinetics and mechanism of isothermal crystal growth of K 2 TiGe 3 O 9 from a glass of the same stoichiometric composition were studied. The crystal growth rate, U, in the range 1×10 -11 -1.27×10 -10 m s -1 was experimentally determined in the temperature interval 540-600 °C. In the range of high undercooling, Δt, 435-375 °C, spherical crystals growing at (374±19) kJ mol -1 was observed.
INTRODUCTION
Binary alkali germanates exhibit a characteristic behavior known as the "germanate anomaly effect " . [1] [2] [3] This behavior means the presence of extremes on the curves showing the dependence of some properties (density, refractive index, glass transition temperature and viscosity) on the content of the alkali oxide. Studies of the behaviors of ternary germanate glasses are not very numerous. Recent investigations [4] [5] [6] showed that during crystallization of some K 2 O-TiO 2 --GeO 2 glasses with a high content of TiO 2 , crystals of K 2 TiGe 3 O 9 were formed. The presence of these crystals enables non-linear optical materials showing second harmonic generation to be obtained. 6 Such materials have great potential for different applications. Due to this, the phase formation of K 2 TiGe 3 O 9 has been a subject of reinforced interest because knowledge of crystal nucleation and growth processes of K 2 TiGe 3 O 9 is important for the preparation of crystallized glasses possessing the desired microstructure and properties.
The results of a study of K 2 TiGe 3 O 9 crystal nucleation in a K 2 O·TiO 2 ·3GeO 2 undercooled melt were previously published. 7 In the present study, attention was 1596 GRUJIĆ et al. focused on the kinetics and mechanism of crystal growth of K 2 TiGe 3 O 9 from its undercooled melt.
EXPERIMENTAL
The K 2 O·TiO 2 ·3GeO 2 glass was prepared by melting a homogeneous mixture of reagent grade K 2 CO 3 , TiO 2 (both Fluka Chemica,) and GeO 2 (electronic grade) in a platinum crucible. The melting was performed in an electric furnace, Carbolite BLF 17/3, at t = 1300 °C during τ = 2 h. The glass was obtained by quenching the melt on a steel plate. Powder X-ray diffraction analysis (XRD) confirmed the quenched melts to be vitreous. The glass samples were transparent, without visible residual gas bubbles.
The experiments were performed under isothermal conditions with bulk samples in a one-stage regime in an electric furnace, Carbolite CWF 13/13, with automatic regulation and a temperature accuracy of ±1°C. The glass samples were heated at a heating rate β = 10 °C min -1 up to the desired temperature of heat treatment and maintained at the chosen temperature for different times. The heat treatment temperatures, t c , were in the range 540-600 °C. The samples were maintained at the selected temperature for times, τ c , in the range 10-1000 min. Finally, the samples were removed from the furnace and crushed in an agate mortar for X-ray and SEM analyses.
A Jeol JSM 6460 microscope was used for the scanning electronic microscopy (SEM) investigations. The samples for SEM investigation were gold sputtered. The diameters of circular intersections of the particles were determined from the SEM micrographs. The crystal growth rate, U, at the treatment temperature, t, was determined from the time dependence of the largest circular cross-section diameter, d.
The XRD method was used to determine the phase composition. The XRD patterns were obtained on a Philips PW-1710 automated diffractometer using a Cu tube operated at 40 kV and 32 mA. The instrument was equipped with a diffracted beam curved graphite monochromator and a Xe-filled proportional counter. The diffraction data were collected in the 2θ Bragg angle range from 4 to 70°, counting for 0.25 s at every 0.02° step. The divergence and receiving slits were fixed 1 and 0.1, respectively. The XRD measurements were performed at room temperature in a stationary sample holder.
RESULTS AND DISCUSSION
The results of the chemical analysis show that a glass composition: 19.27K 2 O⋅16.8TiO 2 ⋅63.93GeO 2 (wt. %) was obtained. This composition is close to the stoichiometric one K 2 O·TiO 2 ·3GeO 2 .
The XRD patterns of samples thermally treated under different conditions are shown in Fig. 1 , from which it can be seen that K 2 TiGe 3 O 9 was the only phase formed during the crystallization of this glass, i.e., polymorphic crystallization occurred. 8 The SEM micrographs of these samples are presented in Fig. 2 . It is obvious that the nucleation process commenced within the bulk of the melt and that the morphology of the growing crystals was spherical.
A previous investigation of the nucleation of this glass showed that the temperature ranges of nucleation and crystal growth partly overlapped. 7 Accordingly, isothermal, single-stage heat treatment experiments were performed. The largest circular cross-section diameters, d, measured as a function of time at 540, 560, 580, 590 and 600 °C are shown in Figs. 3a-3d . The crystal growth rates were obtained from the slope of the lines. The kinetics and morphology of crystals growing from the melt are determined by the following factors: a) interface kinetics -the movement of material across the interface and its attachment to the crystal surface; b) material transferthe diffusion of material in melt; c) heat transfer -the removal of latent heat of crystallization from the growing crystal surface and c) reconstructive transformation -the arrangement of atoms or ions species at the solid-liquid interface. 9 Crystal growth from the melt is realized by different mechanisms. The condition of the surface of a growing crystal and the degree of undercooling of the melt play decisive roles on the action of certain growth mechanisms. Three standard models are employed to describe crystal growth and to predict the kinetic behavior and morphology: normal growth, screw dislocation growth and surface nucleation growth. [10] [11] [12] [13] An appropriate method for the estimation of the surface condition of a growing crystal (crystal-liquid interface) and for the prediction of the growth mechanism is the Jackson criterion. 13 Accordingly, for materials with small entropies of fusion ΔS m < 2R, the solid-liquid interface should be rough on an atomic scale. If the interface is atomically rough, continuous growth with nonfaceted interface morphology occurs and the anisotropy of the growth rate is small, hence normal growth is expected. In contrast, for materials with large entropies of fusion ΔS m > 4R, the solid-liquid interface should be smooth. If the interface is atomically smooth, layer growth with faceted interface morphology occurs, either by a screw dislocation or a surface nucleation growth mechanism. Previous experimental studies showed that for numerous organic and inorganic glasses, screw dislocation growth is operative. For glasses, crystallization with normal growth is less characteristic while surface nucleation growth is not usual. 10 When the melt and crystal have the same chemical composition, for the case of growth at step sites provided by a screw dislocation intersecting the interface, the growth rate may be expressed by the relation: 13
where U is the growth rate per unit area of the interface, f is the fraction of preferred growth sites on the interface and υ is a frequency factor for transport at the interface, λ is the jump distance (of the order of atomic/molecular dimensions), ΔG is the free energy of crystallization (free energy difference in the transformation liquid-crystal, i.e., the thermodynamic driving force for crystallization), T, is the temperature in Kelvin and R is the gas constant. The factor f is proportional to the undercooling ΔT = T m -T according to the expression:
where T m is the melting temperature, V m is the molar volume of the crystalline phase, σ is the crystal/liquid interfacial and ΔH m is the enthalpy of melting per mole. The frequency factor for transport at the interface, υ, may be expressed as:
where υ 0 is the vibration frequency of the growth controlling atoms, ΔG D is the activation free energy for diffusion across the interface (the activation energy of crystal growth). Under the assumption that the molecular mobility necessary for crystal growth is similar to the transport of molecules in the bulk melt, then the activation energy for diffusion across the interface, ΔG D , is equal to the activation energy for viscous flow, ΔG η (ΔG D ≈ ΔG). Considering viscosity as an activated process, then it can be approximated by an equation of the form: 14
where l is the metal-oxygen bond length (Ge-O), τ 0 is a time of the order of the period of atomic vibration (τ 0 ≈ 1/ υ 0 ) and k is the Boltzmann constant. By substitution of Eq. (5) into Eq. (4) and then into Eq. (3), the following expression is obtained:
Introducing Eqs. (2) and (6) into Eq. (1), Eq. (7) is obtained:
_________________________________________________________________________________________________________________________ Available online at www.shd.org.rs/JSCS/ Using Eq. (7) and the values of the parameters given in Table I , the theoretical rate of K 2 TiGe 3 O 9 crystal growth can be calculated. To obtain a more exact insight into the relation between the theoretical and experimental values of the growth rate of K 2 TiGe 3 O 9 crystals, this relation in a narrow temperature range 540-600 °C is presented in Fig. 5 , from which it may be seen that a good agreement between the theoretical and experimental values of the growth rate of K 2 TiGe 3 O 9 crystals exists in the temperature interval 540-600 °C. This enables the crystal growth mechanism and the activation energy of crystal growth to be determined based on experimental values. In the range of large undercooling, the temperature dependence of the crystal growth rate substantially follows that of the viscosity of the liquid which crystallizes polymorphic and where crystal growth occurs by the screw dislocation growth mechanism. For comparison, the activation energy of viscous flow, ΔG η (T), was calculated. Since ΔG η (T) is temperature-dependent, the temperature range was selected in which the isothermal experiments were performed. The calculation was realized using data from Table I and Eq. (4). A value of ΔG η,560--600 = (372±12) kJ mol -1 was obtained, which is in good agreement with ΔG D .
CONCLUSIONS
The crystal growth kinetics of K 2 TiGe 3 O 9 from its melt under isothermal conditions was studied. The experiments were performed in the temperature range 540-600 °C. The crystal growth rates determined by SEM were in the range from 1×10 -11 to 1.27×10 -10 m s -1 . In this temperature range, the agreement between the theoretical and experimental values of the crystal growth rate of K 2 TiGe 3 O 9 is good. The analysis showed that in the region of high undercooling, Δt, 435-475 °C, the crystals of K 2 TiGe 3 O 9 grew by the screw dislocation mechanism. The activation energy of crystal growth ΔG D = (374±19) kJ mol -1 was calculated. This value corresponds to the activation energy of viscous flow in this temperature range.
